Background: In nitrate-poor soils, many leguminous plants form nitrogen-fixing symbioses with members of the bacterial family Rhizobiaceae. We selected Rhizobium sp. NGR234 for its exceptionally broad host range, which includes more than 112 genera of legumes. Unlike the genome of Bradyrhizobium japonicum, which is composed of a single 8.7 Mb chromosome, that of NGR234 is partitioned into three replicons: a chromosome of about 3.5 Mb, a megaplasmid of more than 2 Mb (pNGR234b) and pNGR234a, a 536,165 bp plasmid that carries most of the genes required for symbioses with legumes. Symbiotic loci represent only a small portion of all the genes coded by rhizobial genomes, however. To rapidly characterize the two largest replicons of NGR234, the genome of strain ANU265 (a derivative strain cured of pNGR234a) was analyzed by shotgun sequencing.
hosts through infection threads, which develop centripetally. At the same time, new structures called nodules develop from meristems induced in the cortex of infected roots. When infection threads reach nodule cells, rhizobia are released as symbiosomes into the cytoplasm of infected cells where they eventually enlarge and differentiate into nitrogen-fixing bacteroids. Continuous exchange of chemical signals between the two symbionts coordinates expression of bacterial and plant genes required for a symbiotic development. Flavonoids released by legume roots are amongst the first signals exchanged in this molecular dialog. By interacting with rhizobial regulators of the NodD family, flavonoids trigger the expression of nodulation genes (nod, noe and nol). In turn, most nodulation genes participate in the synthesis and secretion of a family of lipochito-oligosaccharide molecules, the Nod factors that are required for bacterial entry into root hairs. Little is known about how rhizobia migrate inside the infection threads, although it seems likely that genetic determinants of both partners are again involved (see [1, 2] ). Once within the cortex, the rhizobia differentiate into bacteroids where low free-oxygen tensions help coordinate the expression of genes involved in nitrogen fixation (nif and fix) [3] .
Taxonomic proposals based on DNA sequences of highly conserved genes indicate that rhizobia are a group of genetically diverse soil bacteria [4] . Other data suggest that in populations of soil bacteria, natural genetic mechanisms exist which can transform isolates with widely different chromosomal backgrounds into nodulating bacteria (that is, rhizobia) (for review see [1] ). Comparisons of genomes of soil bacteria will help define the pools of symbiotic genes. Unfortunately, genomic studies of this kind have been hindered by the relatively large size of rhizobial genomes (6.5 to 8.7 Mb for R. meliloti and B. japonicum, respectively). Instead, as many symbiotic loci are often clustered on large plasmids in Rhizobium strains, or in chromosomal symbiotic islands as in B. japonicum [5] and M. loti [6] , physical and genetic analyzes of symbiotic plasmids or islands prevailed. Rhizobium sp. NGR234 was selected for its exceptionally broad host range, which includes more than 112 genera of legumes in addition to the non-legume Parasponia andersonii [7, 8] . As in R. meliloti, the genome of NGR234 is partitioned into three replicons, a chromosome of about 3.5 Mb, a megaplasmid of more than 2 Mb (pNGR234b) and pNGR234a, a 536 kb symbiotic plasmid [9] [10] [11] . Although various experiments have shown that most symbiotic genes are amongst the 416 open reading frames (ORFs) identified in the complete sequence of pNGR234a [9, 12, 13] , others are carried by the chromosome and/or the mega-plasmid [10, 14] .
Many ways of finding genes exist, but with the rapid advances in genomics, among the most effective are those that involve sequencing parts of or entire genomes. Although contiguous sequences of several symbiotic islands/plasmids will be released in the near future, R. meliloti strain 1021 as well as the phytopathogens Ralstonia solanacearum and Xanthomonas citri are the only plant-interacting microbes currently being sequenced [15] [16] [17] . The cost of sequencing a complete genome is still well beyond the capability of most laboratories, however. Nevertheless, extensive information on the structure and content of genomes can be gained by randomly sequencing libraries made from total DNA [18] [19] [20] [21] . Here, we have used this approach to analyze the megaplasmid and chromosome of NGR234. A total of 2,275 individual shotgun sequences of ANU265 (a derivative strain of NGR234 cured of its symbiotic plasmid [22] ) were searched for protein and/or DNA homologies, and putative coding sequences were grouped into 28 classes according to their putative function. In addition, clones carrying various Rhizobium-specific repeated elements such as RIME1 and RIME2 were also analyzed.
Results and discussion

Random sequencing of the ANU265 genome
Total genomic DNA of ANU265 was used to construct an M13 library with inserts ranging in size from 0.9 to 1.5 kb. Of the 2,856 random clones analyzed, 80% (2,275) produced highquality DNA sequence with an average read length of 253 bp (Table 1) . In this way, more than 575 kb of total nucleotide sequence was collected, which corresponds to approximately 10% of the ANU265 genome [11] . At 61.2 mol%, the mean G+C content of these sequences is similar to that found for the entire genome [23] , but is also significantly higher than the value of 58.5 mol% calculated for pNGR234a [9] . This pool of 2,275 sequences was then screened for redundancy. A total of 381 overlapping sequences were identified, and grouped into 195 contigs (sets of overlapping sequences) of two to four elements each: 154 contigs represent pairs of clones, whereas the remaining 73 sequences belong to 23 groups of three elements and one of four clones. Because of the many highly conserved sequences repeated throughout 
RIME-and IS-like sequences
Homology searches against nucleotide databases (BLASTN [25] ) showed that 35 ANU265 sequences carried Rhizobiumspecific intergenic mosaic elements (RIMEs). First identified in R. meliloti, R. leguminosarum bv. viciae and NGR234, RIME1 elements are 108 bp repeats characterized by two large palindromes, whereas RIME2 sequences are 109 bp repeats thought to be present only in R. meliloti [26] .
RIMEs have many features of the short interspersed repeated elements that are non-coding, intercistronic sequences of less than 200 bp found in many prokaryotic genomes [27] . Of the 2,275 shotgun sequences of ANU265 collected, 29 contained RIME1 elements and 6 carried RIME2 repeats. Although Southern hybridizations indicated that approximately 20 copies of RIME1 were present in the genomes of R. meliloti and NGR234 [26] , our data indicate that there are many more. Among the 29 clones with RIME1 sequences, most (23) carry repeats that are very similar to the consensus ( [26] and Figure 1 ). In another six ( Figure 1 , clones 27d06, 29g08, 01f01, 11b07, 25e07 and 13c06), only one of the two large palindromic structures is conserved, however. This suggests that, in some cases, individual palindromes constitute independent repeats, not necessarily associated to form RIME1 elements. In the eight clones that code for putative proteins (Figure 1 ), RIME1 sequences are found immediately downstream of predicted ORFs (data not shown), indicating that these elements are probably confined to intergenic regions. Surprisingly, no RIME2 and a single RIME1 repeat were found on pNGR234a [9, 11] . If these elements were regularly distributed throughout the NGR234 genome, more than a single RIME1 would have been expected on the 536 kb of pNGR234a. Thus, current data suggest that RIMEs preferentially accumulate on specific replicons, and that NGR234 carries possibly as many as 200 RIME-like elements.
In contrast to pNGR234a, which carries many IS sequences, only 2.2% (51) of the 2,275 ANU265 sequences were predicted to encode transposon-related functions. Although several clones that did not match database homologs may also carry sequences of yet uncharacterized IS elements, these results suggest that in proportion to their size, chromosome and megaplasmid carry fewer transposable elements than pNGR234a. Nevertheless most of the 51 clones
Figure 1
ANU265 clones that carry RIME1 repeats. ANU265 clones are numbered in bold in the first column and the RIME1 repeat consensus sequence is shown in bold on top row of the alignment. Positions in the ANU265 sequences of the initial and final bases in each alignment are given in the 5' and 3' columns, respectively. Partial alignments represent RIME repeats covering either the end (filled diamonds) or the beginning (filled triangle) of the established sequence. The two palindromic structures of RIME1 are shaded in gray. Internal inverted repeats are shown in matching colors. Gaps (marked with red hyphens) and single-nucleotide deletions (inverted red triangles) were introduced for optimal alignment. Base mismatches are colored in red. Arrows mark clones that encode putative proteins. N, any base; Y indicates C or T, R indicates A or G. (70%) matched ISs that were first identified in pNGR234a [9] . For example, ten sequences highly homologous to NGRIS-4 were found. This 3,316 bp element is duplicated in pNGR234a [9] , whereas chromosome and megaplasmid carry two and five copies of NGRIS-4 respectively [11, 24] .
Identification of putative genes
To assign putative functions to the cloned DNA fragments, sequences were compared to protein and nucleotide databases [25, 28] . BLAST analyses showed that about 50% (1,130) of the 2,275 sequences matched protein-coding ORFs, three were homologous to rDNA and four to tRNA loci (see Table 1 ). Of the 1,130 putative protein-coding sequences, 208 (or 9% of the 2,275 sequences) were similar to hypothetical genes with no known function (pioneer sequences) of rhizobia and other organisms. Thus, together with the 1,109 clones which showed no significant similarity to entries in nucleotide and amino-acid databases (see Table 1 ), functions could not be assigned to 58% of the shotgun sequences. To provide an overview of the genetic organization of the ANU265 genome, predicted proteincoding sequences were grouped into various classes according to their putative function (Table 2) .
A genetic snapshot of the ANU265 genome
In total, 922 of the 2,275 sequences were grouped into 28 functional categories (Table 2) . Interestingly, comparison of this data with that derived from the complete sequence of the Bacillus subtilis genome [29] showed a similar distribution of genes in both organisms. Although B. subtilis is a Gram-positive bacterium, it is commonly found in soil, water sources and in associations with plants. Thus, with the exception of one homolog of a sporulation gene (which was not expected in rhizobia), the comparative analysis presented in Table 2 suggests that the number of shotgun sequences is probably sufficiently large to form a representative selection of ANU265 loci. All 1,130 sequences for which significant matches were found in database searches are classified by function in Table 3 .
As in other bacterial genomes, such as that of Escherichia coli [30] , the largest functional class represents transport and binding proteins (see Tables 2 and 3 ). A number of essential genes, including those required for replication, transcription and translation as well as those linked to primary metabolism, were also found. As expected of a soil-borne prokaryote, many loci (18%) involved in carbon and nitrogen metabolism were identified (encoding enzymes for the assimilation of nitrate/ammonia, the tricarboxylic acid cycle, or transporters of dicarboxylic acids, and so on). In B. subtilis, 19% of the protein-coding genes are devoted to the metabolism of carbohydrates, amino acids and related molecules ( Table 2 ). This is in contrast to microorganisms such as Haemophilus influenzae and M. genitalium that are not able to grow on many nitrogen and carbon sources (only 10% of their predicted genes code for such metabolic functions [31] ). Interestingly, homologs of various chaperones such as GroES/GroEL, DnaJ, and other small heat-shock proteins (sHsps), were identified (Table 3 , clones 308 to 318). The presence of multiple sHsps is not common in prokaryotes, but was shown to be widespread in rhizobia [32] .
Obviously, the ability of rhizobia to respond to plant compounds that stimulate their growth contributes to successful colonization of the root [33] and absence of vitamins often limits the growth or rhizobia. Furthermore, the ability to either take up or synthesize vitamins is thought to be an essential characteristic of rhizobia [33] . For these reasons, it is not surprizing that several ANU265 sequences matched genes for biotin and thiamine utilization, such as that coding for a homolog of bioS (clone 745), a biotin-regulated locus of R. meliloti [34] . In R. meliloti, bioS is part of an operon which includes the surE and lppB/nlpD genes that are also found in ANU265 (clones 744 and 183). Homologs of thiamine biosynthetic genes thiCG of R. etli (clones 512 and 513) were also found. Miranda-Rios et al. [35] reported a direct correlation between the expression of thiC and the production of the symbiotic terminal oxidase cbb3, which is required for bacteroid respiration under conditions of low oxygen.
Putative symbiotic genes include loci involved in exopolysaccharide (EPS) biosynthesis and/or export, which are encoded by pNGR234b [10] , as well as genes involved in the elaboration of acidic capsular polysaccharides (K-antigens), lipopolysaccharides and cyclic β-glucans (Table 3 , clones 245 to 270). A sequence homologous to fixN of R. meliloti was also identified (clones 208 and 209). The chromosomal fixNOPQ locus encodes an oxidase complex that is probably active during nitrogen fixation. Although sequences of the regulatory fixK genes [3] were identified (clone 683), no significant match to the oxygen-responsive system encoded by fixLJ was found. Members of other symbiotic two-component regulatory systems were detected in ANU265, however, including homologs of the sensor histidine kinase exoS (clone 200) and the response regulator chvI (clone 717). Both are necessary for regulating production of succinoglycans that are important in R. melilotiMedicago sativa symbioses [36] . Similarly, the nwsA locus (clone 202) encodes a putative sensor kinase that is involved in the expression of nodulation genes in Bradyrhizobium strains [37] .
It has been postulated that genes responsible for the synthesis (mos) and catabolism (moc) of rhizopines confer a competitive advantage on their host rhizobia [38] . Rhizopines are synthesized in nodules of M. sativa inoculated with R. meliloti strain L5-30, and can be used as growth substrates by certain rhizobia. Although mos and moc genes were thought to be limited to R. meliloti strains [39] , homologs of mocABC, and mosA genes were also found in ANU265 (clones 543 to 549). Propagation of rhizobia in the soil, and hence their symbiotic efficiency, probably also depends on their tolerance to osmotic changes. It is thus notable that homologs of the R. meliloti betABC genes, which are involved in the osmoregulatory choline-glycine betaine pathway [40] , were also found (clones 726 to 730).
Other putative symbiotic loci include homologs of the phbC and prsDE genes of R. meliloti, which encode a poly-3-hydroxybutyrate synthase [41] and a type I secretion system [42] (clones 741 to 743, and 298 to 301, respectively). Interestingly, PrsD and PrsE of R. meliloti are involved in the secretion of enzymes that modify succinoglycans [43] , whereas a similar type I secretion system seems to be responsible for the export of the nodulation-signaling protein NodO in R. leguminosarum bv. viciae [44, 45] . Although the role of these prsDE homologs in NGR234 is not clear, it is possible that more than one type of protein secretion system has a symbiotic role in this bacterium [46] .
http://genomebiology.com/2000/1/6/research/0014.5 
*The functional classification of the B. subtilis protein-coding genes was adapted from Kunst et al. [29] . The number of sequences and of genes in each category is listed for ANU265 and B. subtilis, respectively. The percent of the putatively identified genes devoted to each functional group is indicated in brackets. http://genomebiology.com/2000/1/6/research/0014.9 
